Introduction
7-Ethyl-10-hydroxycampthotecin (SN-38) is a very potent topoisomerase I inhibitor that exhibits antiproliferative and proapoptotic effects in a large number of human carcinoma models. The poor solubility 1, 2 and the toxicity profile of SN-38 manifesting as diarrhea and bone marrow toxicity [3] [4] [5] 
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coriat et al antitumor activity 6, 7 but retaining diarrhea and neutropenia as dose-limiting toxicities (DLTs). 8 Irinotecan has intrinsically very poor antitumor effects but can be converted into SN-38 by carboxylesterases that are predominantly present in the liver. 9 SN-38 generated from irinotecan is eventually glycuroconjugated for metabolic degradation by UGT1A1. 10, 11 The metabolic biotransformation of irinotecan into SN-38 was shown to be variable among individuals and poorly efficient, with only 2%-8% of the administered dose of irinotecan being converted into SN-38 in humans. 12 Another limitation has been the occurrence of delayed, severe, and potentially life-threatening diarrhea that is thought to be due to SN-38 accumulation in the bowel. Severe diarrhea was observed in up to 40% of treated patients in early clinical trials, [13] [14] [15] and this toxicity has been a dose-limiting factor to explore high dose of irinotecan. 16, 17 Subsequently, attempts were made to lower biliary excretion of SN-38, limit glycuro-conjugation, and increase the area under the plasma concentration-time curve (AUC) of SN-38, thereby increasing activity and reducing systemic toxicity. [18] [19] [20] Over the last 15 years, while topoisomerase I inhibitors have been recognized as major anticancer drugs for several malignancies, it has become apparent that significant clinical advantages could be derived from the direct administration of SN-38. Novel drug delivery technologies of SN-38 were engineered to bypass hepatic bioactivation and catabolism, while intending to reach high plasma and tissue exposure. Novel drug delivery techniques also sought to limit gastrointestinal toxicity and interpatient pharmacokinetic (PK) variability. 21 Based on this rationale, a novel water-soluble conjugate (DTS-108) was developed by linking SN-38 to a highly charged 20-amino acid oligopeptide of human origin (Figure 1) . 22 The SN-38 oligopeptide cross-linker can be cleaved chemically by esterases that are primarily found in blood, in contrast to irinotecan, which is cleaved primarily by hepatic carboxylesterases releasing SN-38 in the liver where it is subsequently glucuronidated and secreted in bile as SN-38G. This technology sought to enhance tumor delivery properties by taking advantage of the PK of the highly soluble oligopeptide in the plasma and reducing SN-38 toxicity by lowering the systemic exposure of SN-38 especially in the bone marrow and gut. 21 In preclinical models, DTS-108 was able to deliver significantly higher plasma levels of SN-38 with lower toxicity compared to irinotecan, resulting in a broader therapeutic potential. Based on these encouraging preclinical results, we conducted a Phase I study based on PK 
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Phase I and pharmacokinetics of and tolerability assessments with the aim of ascertaining the DLTs, the maximal tolerated dose (MTD), and the recommended Phase II dose (RP2D) of DTS-108 in patients with advanced malignancies.
Patients and methods

Patient selection
This first-in-human Phase I clinical trial was designed as a dose-escalation study of DTS-108 given as a single agent on a bi-weekly schedule until progression, unacceptable toxicity, and/or refusal in patients with advanced malignancies. The study was conducted in accordance with International Conference on Harmonization good clinical practice standards with approval by a French ethical committee (Affsaps). All patients provided written informed consent according to the National and International guidelines.
Patients eligible for this study met the following criteria: histologically confirmed diagnosis of solid tumor refractory to standard therapy or for which no standard therapy existed; age .18 years; life expectancy $3 months; Eastern Cooperative Oncology Group performance status ,2; no chemotherapy, hormonal therapy, immunotherapy, or radiotherapy within 4 weeks before treatment with DTS-108 and no immunosuppressive agents within 3 weeks preceding study entry; and adequate renal function with creatinine clearance $60 mL/min/1.73 m 2 . Based on known toxicities of campthotecin derivatives, patients who entered into this trial were also required to have no chronic severe diarrhea at baseline and no history of inflammatory bowel disease.
Pretreatment and follow-up examinations
Toxicity was evaluated over bi-weekly clinical and laboratory examinations and graded using the National Cancer Institute Common Toxicity Criteria, version 3.1 (http://ctep. cancer.gov). Tumors were measured by computed tomography scans 4 weeks before starting DTS-108 and then every 6 weeks (three cycles) and at the end of the treatment or at the withdrawal visit. Tumor response was evaluated according to Response Evaluation Criteria in Solid Tumors, v1.0 23 in four categories: complete response, partial response, stable disease, and disease progression.
Drug profile and administration
The synthesis of DTS-108 was conducted with the 20-amino acid DPV1047 Vectocell peptide (CVKRGLKLRHVR-PRVTRMDV), which was synthesized as a trifluoroacetate salt by NeoMPS Inc. (San Diego, CA, USA) as previously published. 21 DTS-108 is a soluble prodrug of the topoisomerase inhibitor SN-38, the active metabolite of irinotecan. In DTS-108, the SN-38 moiety is covalently linked to a 20-amino acid peptide through a specific cross-linker, which allows the release of SN-38 through esterase bond cleavage. DTS-108 was designed to achieve therapeutic levels of SN-38 while reducing gastrointestinal exposure to SN-38 to reduce the incidence of severe diarrhea, one of the major DLTs associated with irinotecan administration. 18-21 DTS-108 was administered by intravenous infusion over 2 hours every 2 weeks (1 day of dosing followed by 13 days of rest).
Dose-escalation procedure
This Phase I, open-label, one-arm study was conducted to evaluate the DTS-108 safety and tolerability in escalating dose cohorts of patients with advanced or metastatic solid tumors. The primary objectives of the study were to determine the DLTs, identify the MTD, and the RP2D of DTS-108.
Dose escalation occurred in two phases -accelerated and standard -following a modification of the accelerated dose titration design described by Simon et al 24 and discussed in Eisenhauer et al. 25 During the accelerated titration phase (dose levels 1-4), dose levels increased by 100% once safety was established at a given dose level; during the standard titration phase (dose levels 5-16), dose levels increased by 33% once safety was established. In the absence of safety issues, one patient was enrolled at each dose level during the accelerated titration phase ). During the standard titration phase (dose levels 5-16; three patients per dose level), escalation to the next higher dose level proceeded once all three patients completed one cycle of treatment without experiencing a DLT. The MTD was defined as the dose level at which no more than one of the six patients experienced a DLT during cycle 1, while two or more patients at the next higher dose level experienced a DLT during cycle 1.
PK methods
Testing of bioanalytical samples was performed at two laboratories (Avogadro's Lab Supply Inc., Shamong, NJ, USA and MicroConstants Inc., San Diego, CA, USA). DTS-108, SN-38, and SN-38G have a molecular weight of 3,499 kDa, 392 kDa, and 369 kDa, respectively. DTS-108 is highly soluble in water as SN-38G while SN-38 is insoluble. DTS-108, SN-38, and SN-38G exist in lactone (pH,7) and carboxylate (pH.7) forms. Relative fluorescence response is 1.78 in lactone and 1.00 in carboxylate. A separation phase was conducted with high-performance liquid chromatography (HPLC) . A detection using fluorescence was performed (excitation 370 nm, emission 540 nm) to identify SN-38 and SN-38G concentration. Initial plasma sample analysis was performed at the Avogadro's laboratory using a HPLC fluorescence method to simultaneously quantify all three components (parent molecule DTS-108 and metabolites SN-38 and SN-38 glucuronide [SN-38G]). Based on stability experiments, the amount of SN-38 formed ex vivo during sample collection and processing was controlled with the procedures developed by MicroConstants Inc. When we noticed that the amount of SN-38 that formed immediately ex vivo in drawn sample was leading to overestimation of concentrations in the plasma, we subsequently revised the sampling process to allow immediate freezing and revised the HPLC method used. The original HPLC fluorescence method was modified, validated, and used to analyze DTS-108 and SN-38G in the plasma. The calibration curve for DTS-108 was obtained by fitting the peak height ratios of DTS-108/ internal standard and the standard concentrations to a logtransformed linear equation using SoftMax Pro (Molecular Devices LLC, Sunnyvale, CA, USA). Initially, the DTS-108 peak height ratios were fit to the same regression as SN-38G. Methods were applicable for measuring concentrations of SN-38, SN-38G, and DTS-108 ranging from 1 to 500 ng/mL, 1 to 500 ng/mL, and 200 to 100,000 ng/mL, respectively.
Acidified human plasma method for hPlc with mass spectrometric detection
Human plasma samples containing SN-38, SN-38-d 3 as the internal standard, tri-potassium ethylenediaminetetraacetic acid as the anticoagulant, and phosphoric acid as the preservative were diluted with water and extracted using a mixture of hexane and methyl tertiary-butyl ether. The peak heights of SN-38 and the internal standard were acquired using MassLynx v 4.1 (Waters Corporation, Milford, MA, USA).
Results
Patient characteristics
Forty-two patients were enrolled in the dose-escalation Phase I study (Table 1) . Median age at enrolment was 59.2 years (range 31-66 years). The majority of patients had Eastern Cooperative Oncology Group performance status 0-1, multiple-site metastatic diseases, and experienced relapse after prior chemotherapy with a median of two prior chemotherapy regimens, with nearly all including platinum compounds.
Dose-limiting toxicities
Neutropenia was the DLT of DTS-108. The incidence of treatment-emergent neutropenia by severity and dose cohort is summarized in 
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Phase I and pharmacokinetics of DTs-108 than 20% of cases and are summarized in Table 3 . As expected in the population of patients with advanced and refractory metastatic solid tumors, many of whom had liver metastases, there were numerous abnormalities in serum chemistry, especially at baseline with moderate elevations of aspartate transaminase, alanine transaminase, gammaglutamyl transpeptidase, alkaline phosphatase, and lactate dehydrogenase. The majority of patients enrolled in this study were ultimately withdrawn due to disease progression. , skin reactions to infusion were seen in two of six and six of six patients, respectively. DTS-108 was evaluated for potential cardiovascular effects and there were no clinically significant drug-related changes in the QRS morphology or interval measurements. There were no instances of a postdose QTc .500 ms. There was one instance of a change from baseline QTc .60 ms in one patient receiving 416 mg/m 2 with a predose QTc of 391 ms and a QTc of 484 ms (+24%) at the end of dosing in cycle 3. There were four and six instances of a postdose QTc .450 ms and 60 ms . QTc .30 ms, respectively. 
Notes: Ur, side effect considered as unrelated with DTs-108 infusion; r, side effect considered as probably related with DTs-108 infusion. These sporadic events bore no relationship to dose, and there was no evidence of a significant effect of DTS-108 on cardiac repolarization as reflected by the analysis of the QTc intervals or change from the baseline QTc intervals in this study. Table S1 . Despite the degradation of DTS-108, the variability in the exposure parameters (C max and AUC inf ) was relatively low with coefficients of variation for C max ranging from 13% to 39% and for AUC inf from 9% to 40%. The results indicate that C max and AUC inf both appear to increase linearly with an increase in dose (Figure 2) , except with the SN-38 C max .
The ratios of the AUC inf for SN-38 to DTS-108 are the most stable for the MicroConstants' data and an indication of the relative exposure, which ranges from 0.25% to 0.53%. As shown in Figure 2 , the SN-38G results show a relatively high variability (typically .50%) at all dose levels and a trend toward an increase in exposure with an increase in dose. As expected, the Avogadro and MicroConstants analyses provided similar results, since the plasma stability issue does not affect SN-38G concentrations. The ratios of the AUCs for SN-38G and SN-38, which represent an indication of the relative conversion of SN-38 to SN-38G, are relatively constant over the dose range. On average, the range of the ratios is 0.78-2.63. Due to the elevated values of SN-38, the most reliable ratio data were obtained with the MicroConstants analysis, and these individual values ranged from 1.45 to 4.43.
The accuracy of the method was determined by comparing the mean measured concentrations with the theoretical concentrations of the compound in the quality control samples. For the DTS-108 quality control samples, the deviation of the mean from theoretical values did not exceed ±1.88%. For the SN-38 quality control samples, the deviation of the mean from theoretical values did not exceed ±5.00%. For the SN-38G quality control samples, the deviation of the mean from theoretical values did not exceed ±3.67%. 
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Phase I and pharmacokinetics of DTs-108 antitumor activity Forty-two patients received DTS-108 treatment and all were assessable for response. Tumor control (complete response + partial response + stable disease) occurred in six patients ( Table 4 ). The median progression-free survival in the study was 11 months (95% confidence interval [CI], 3-17 months, and 95% CI). No patient experienced an objective response.
Discussion
In this Phase I trial of DTS-108, a novel water-soluble conjugate of SN-38, the DLT was ascertained by the occurrence of grade 3 neutropenia in cycle 1 at a dose of 416 mg/m 2 . Limitations in dosing were further defined by dosing delays for subsequent cycles at 416 mg/m 2 , dose reductions to 313 mg/m 2 in three of six patients, infusion reactions inadequately controlled by premedication causing dose interruptions, and prolongation of the infusion duration from 1 to 2 hours in all six patients receiving the 416 mg/m 2 dose. The MTD was found to be the 313 mg/m 2 dose level based on the observation that five of the six patients treated at this dose level had no dose-limiting neutropenia, and the overall improvement in the management of infusion reactions.
Vomiting and diarrhea were observed in several patients in this study including two cases of grade 3 vomiting and two cases of grade 3 diarrhea (Tables 2 and 3 ). Cases of grade 3 diarrhea occurred in two patients with extenuating circumstances consisting of a partial bowel obstruction due to tumor in one and a history of a total colectomy in the other. Diarrhea was less problematic with the administration of DTS-108 than historically reported at the MTD of irinotecan. When DTS-108 is administered intravenously, the cleavage of the ester bond and release of SN-38 occurred in the blood by the action of plasma esterases. This distinguishes it from irinotecan, which is cleaved primarily by hepatic carboxylesterases releasing SN-38 in the liver where it is subsequently glucuronidated and secreted in the bile as SN-38G. The SN-38G is then cleaved by bacterial glucuronidases, allowing the release of SN-38 in the bowel thereby producing diarrhea. The location of the cleavage may explain the low incidence of severe diarrhea in our study.
While objective tumor responses were not observed in this study, stable disease status was maintained for six cycles or longer in seven patients. The dose selected for subsequent evaluation in RP2D with less extensively pretreated disease is 313 mg/m 2 , to be administered as a 2-hour infusion, every 14 days.
Regarding the analytical part of the PK study, fluorescence HPLC was initially used to quantify DTS-108 and its metabolites (SN-38 and SN-38G) . Sample stability analysis of this method showed that SN-38 values were inaccurate because DTS-108 degraded, forming ex vivo SN-38 during the blood collection, plasma storage, and/or sample extraction. New processes and analytical liquid chromatographytandem mass spectrometry methods for testing SN-38 were implemented allowing a better evaluation of plasma levels of DTS-108 and its metabolites (SN-38 and SN-38G). SN-38 is 95% bound to plasma proteins. 26 The maximum concentrations of SN-38 are reached ~1 hour after the beginning of a short intravenous irinotecan infusion. 26 It has been previously identified that SN-38 plasma decay follows closely that of the parent compound with an apparent terminal half-life ranging from 6 to 30 hours. 26 The total body clearance of irinotecan was estimated to be 31.6 L/h. 1 The volume of distribution at steady state of irinotecan was 263 L, suggesting extensive distribution into the peripheral compartments. 1 Irinotecan is cleaved primarily by hepatic carboxylesterases releasing SN-38 in the liver, where it is subsequently glucuronidated and secreted in the bile as SN-38G. DTS-108 is cleaved chemically by esterases that are found in the blood allowing a higher diffusion and taking advantage of the PK of the highly soluble oligopeptide in the plasma and reduces the SN-38 toxicity by lowering the systemic exposure of SN-38, especially in the bone marrow and gut. 21 Our study reinforced the preclinical models and identified the reduced incidence of digestive toxicity while it identified skin toxicity. In animal models, DTS-108 has been identified to induce immediate effects resembling the symptoms of an infusion reaction. In dogs, these effects have always been observed with the same moderate severity and always resolved spontaneously within a few hours of infusion, over a relatively broad dose range (4.5-53 mg free base/kg). The most likely hypothesis to explain this effect was an anaphylactoid reaction to DTS-108 that would result from its ability to directly induce histamine release in vivo. This was confirmed by the demonstration of histamine release induced by DTS-108 in vitro in dog and human basophils and by measurement of the plasma histamine levels in dogs associated with the intravenous administration of DTS-108. In our study, we therefore allowed for treatment of infusion reactions, antihistamines, and/or corticosteroids. The second hypothesis of the skin toxicity would be a true allergic reaction. In line with this hypothesis, the first infusion reaction occurred in Cohort However, all six patients enrolled in Cohort 14 at a dose of 416 mg/m 2 experienced infusion reactions requiring interruption of the infusion in most cases and retreatment with antihistamines. The infusion reactions persisted despite a protocol amendment to allow infusion of the drug over a period of 2 hours rather than the originally specified 1-hour infusion. Infusion reactions did not cause discontinuation of any patient in Cohort 14, though three patients had dosage reductions to 313 mg/m 2 for subsequent infusions due to the development of neutropenia.
At a dose of 313 mg/m 2 , DTS-108 allowed to reach a SN-38 AUC of 1,992 h⋅ng/mL, four times higher than that observed with irinotecan given at a dose of 350 mg/m 2 .
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To date, no such analytical limitation has been reported with other conjugated formulations of SN-38. [28] [29] [30] [31] However, our findings in this trial illustrate the potential caveats of early pharmacological evaluation of investigational new drugs, stressing the need to systematically question the relevance of analytical data.
Regarding the toxicity profile of DTS-108, neutropenia was dose limiting, whereas diarrhea was mild and easily manageable. This may be due to the differential expression of esterases in the bone marrow and digestive tract. [32] [33] [34] Indeed, high local esterase activity could lead to an increased release of SN-38 from its prodrug DTS-108, thereby contributing to toxicity.
Conclusion
In conclusion, DTS-108 given as a 2-hour infusion at a dose of 313 mg/m 2 is tolerated with only moderate digestive toxicity and without clinically significant hematologic toxicity. The PKs of DTS-108 showed a short t 1/2 (,2 hours) and a significant exposure to SN-38 at the 313 mg/m 2 dose level. Therefore, based on its preliminary antitumor activity, safety profile, and PK profile, we recommend Phase II testing of DTS-108 given as 2-hour infusions once every 2 weeks, at a dose level of 313 mg/m 2 .
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